Introduction
Nonenzymatic acetylation of Lys side chains (Lys-SCs) by in vivo reactive molecules such as acetyl phosphate and acetyl-CoA has been implicated in various novel regulatory roles [1, 2] . The increased pH and reactive metabolites in actively respiring mitochondria facilitate nonenzymatic Lys modification including other acylations (malonyl-CoA, succinyl-CoA, etc.) [3, 4] . The nonenzymatic acetylations of K6, K48, and K63 of endogenous ubiquitin (UB; < 0.1%) have also been identified, and the K6 and K48 acetylations can inhibit K11-, K48-, and K63-linked poly-ubiquitylation mediated by several E2 enzymes [5] . Nevertheless, not much is yet known about the detailed nature of nonenzymatic Lys acetylation of a protein. Although the chemical acetylation of Lys-SCs using N-succinimidyl acetate was monitored by NMR to characterize the interaction of a-synuclein with lipid membrane [6] , the nonenzymatic acetylation of a folded protein is different from that of an unstructured one, such as a-synuclein. The neighboring residues of each Lys-SC Abbreviations 2AA, 2-(acetylthio)acetamide; AA, acetic anhydride; BB, backbone; COSY, correlation spectroscopy; CS, chemical shift; DSS, 4,4-dimethyl-4-silapentane-1-sulfonic acid; HSQC, heteronuclear single quantum correlation; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; SASA, solvent accessible surface area; SC, side-chain; TOCSY, total correlation spectroscopy; UB, ubiquitin.
with different functional groups (charged, polar, and hydrophobic) differentiate the chemical properties of the Lys-SC, such as pK a and solvent accessible surface area (SASA). Although the acetylation of UB-Lys-SCs by a labeled aspirin (acetyl-1-13 C) was previously studied by using HMQC NMR experiments [7, 8] , the absence of a 13 C-labeled reactive molecule and the low sensitivity of the HMQC experiment utilizing the small 2 J CH (6.4 Hz, acetyl methyl 1 H to 13 C-1) limit detailed analysis of nonenzymatic Lys acetylation.
The Lys acetylation produces a SC amide and shares a similar chemistry with the ubiquitylation. Polyubiquitylation is achieved by iso-peptide bond formation between one of the seven Lys-SCs or the N-terminal amine of an acceptor UB and the C-terminal G76 carboxylate of a donor UB that is activated via E2-UB thioester [9, 10] . It has been suggested that neighboring residues of the UBLys-SCs play a catalytic role by either stabilizing the oxyanion intermediate or suppressing the Lys-pK a value during iso-peptide bond formation [11, 12] . The nonenzymatic Lys acetylation also seems to be dependent on the chemical property of each Lys-SC originated from the specific neighboring residues. Therefore, characterization of the in vitro physicochemical properties of Lys-SCs is important to understand the dynamic in vivo covalent modifications of the Lys-SCs.
Here, we monitored the chemical acetylation of the UB-Lys-SCs by 2-(acetylthio)acetamide (2AA), which carries a reactive thioester, not only to study the detailed mechanism of nonenzymatic Lys acetylation of a folded protein, but also to provide a chemical basis for deciphering a complicated in vivo ubiquitylation mechanism. Using [ 
Results

NMR monitoring of the nonenzymatic acetylation of [
15 N]UB-Lys-SCs
The neighboring residues of each UB-Lys-SC have different function groups (charged, polar and hydrophobic) that likely result in differentiated characteristics of each Lys-SC (Fig. 1 N heteronuclear single quantum correlation (HSQC) spectrum, which originated from new amide bonds of the Lys-SCs and were well-separated from the peaks of the backbone (BB) amides ( Fig. 2A) . The incomplete and heterogeneous acetylations of the LysSCs resulted in a very complicated HSQC spectrum. However, the new HSQC peaks of the Lys-SC amides were well-resolved and clear for the analyses. Before analyzing detailed acetylation rates of the Lys-SCs, the assignment of these Lys-SC amide peaks was first achieved using 3D CNH-nuclear Overhauser effect spectroscopy (NOESY) [13] spectra that displayed nuclear Overhauser effect (NOE) connectivity between 1 H atoms attached to 13 N]Lys-UBs showed that six Lys-SCs Fig. 1 . Ribbon models of UB structures (PDB code, 1D3Z). The polar and charged residues that are located within 6 A distance to the N e atom of seven Lys residues (blue) are shown. The neighboring residues of each Lys-SC, of which distance to each N e atom is < 4 A (black) and 6 A (gray), are listed at the top, and the measured distances ( A) are shown in parentheses.
(i.e. all except K27) were acetylated by 2AA at pH 7.5 ( Fig. 2B,C) . The K27-SC amide peak is not shown due to little acetylation of the K27-SC at pH 7.5 ( Fig. 2B , right panel). Although there was ambiguity in the assignment of the K33 0 -and K29-SC amide peaks, another 3D CNH-NOESY spectrum of the highly acetylated [ 13 C/ 15 N]Lys-UB (not shown) and the HSQC spectra obtained at different pH values made it possible to assign all the peaks of the UB-Lys-SC amides correctly. The acetylation of K33 produced two different HSQC peaks, labeled K33 and K33 0 (Fig. 2B) . The appearance of the K33 0 -SC amide peak in the highly acetylated [ 13 C/ 15 N]Lys-UB was likely due to the partial acetylation of the neighboring K29 residue (Fig. 2B , left panel and Fig. 1) . However, the appearance of the K33 0 -SC amide peak in the moderately acetylated [ 13 C/ 15 N]Lys-UB resulted from the partial acetylation of another neighboring K11 residue, since the K29 acetylation by 2AA at pH 7.5 was almost negligible (Fig. 2B, right panel) . Therefore, the accumulation of the K33 0 -peak was delayed at the beginning of the reaction (Fig. 3A) . The presence of a partial K33 acetylation did not split the K11-SC amide peak. Because the peak volumes of the Lys-SC amides that resulted from short reaction time (1 h) increased linearly with increasing concentration of 2AA (Fig. 4) Fig. 3A) . The previous acetylation rates of UB-Lys-SCs by [acetyl- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]aspirin were overall consistent with our data (not shown) [7] , but the linear correlation was not complete (R 2 = 0.92, not shown). The in vivo nonenzymatic acetylation of Lys-SCs seems to have mostly occurred by the in vivo reactive molecule, acetyl-CoA [14, 15] . We tested if acetyl-CoA produced the same HSQC peaks that were identified in the 2AA-mediated acetylation of the UBLys-SCs. Indeed, the reaction of [ 15 N]UB with acetylCoA produced the same HSQC peaks of the Lys-SC amides (Fig. 3B) . Although the overall rates of the Lys acetylations by acetyl-CoA were 4-20-fold lower than those by 2AA, the K6 and K48 residues were primarily acetylated. More detailed experiments on the nonenzymatic acetylation of the UB-Lys-SC by acetyl-CoA are left for further studies.
The pK a and Hill coefficient values of the UB-LysSCs are dependent on their neighboring residues Lys-SC needs to be deprotonated for its nucleophilic attack to either 2AA or E2-UB thioester, forming an intermediate required for the amide-bond formation. Although the pK a values of the Lys-SCs could be a prime factor for the deprotonation, the experimental values of UB-Lys-SCs are not yet available. Therefore, we determined the pK a and Hill coefficient (n) values of UB-Lys-SCs by fitting the pH-dependent chemical shifts (CSs) of the Lys-SCs to the equation of pK a and n. The n value reflects the cooperative changes of the CSs to pH variation; the n values lower and higher than 1.0 indicate a broader and narrower pH-dependent transition, respectively, whose center is the pK a value [16, 17] . Since the heteronuclear-edited NMR spectra of [ C-CSs of all Lys-SCs using the 2D versions of the 3D heteronuclear NMR spectra (HCCH-correlation spectroscopy (COSY), HCCHtotal correlation spectroscopy (TOCSY), and CCH-TOCSY; Fig. 5A ). The CSs of C a and H a relative to the values of the random coil structure can be used to infer protein secondary structures [18] . Slight changes in the N]Lys-UB (< 0.5 and 0.03 p.p.m., respectively) showed that the native structure of UB was maintained even at pH higher than 12 (Fig. 5B) . The estimated pK a and n values of the Lys-SCs ranged from 10.51 (K6) to 11.54 (K29), and from 0.74 (K48) to 1.17 (K29), respectively ]UB were measured after incubation with 13.5 mM 2AA and 10 mM acetyl-CoA for 6 and 42 h at 35°C, respectively. To determine the rate constants mediated by acetyl-CoA, the time course HSQC spectra were recorded. The rate constant of each Lys-SC was estimated from the slope of the time-dependent increasing peak volumes. Although the acetylation rates of the UB-Lys-SCs by acetyl-CoA were 4-20-fold lower than those by 2AA, the positions of the HSQC peaks produced were the same as those produced by 2AA.
( Fig. 6A and Table 1 ). Interestingly, the pK a values of K6 and K48 estimated by the 13 C-CSs slightly differed from those determined by the 1 H-CSs (Table 1) . Since (a) the ionizable aromatic H68 and Y59 residues in the vicinity of K6 and K48, respectively ( Fig. 1 ), could have a larger influence on 1 H-CSs than 13 C-CSs due to a ring current effect, and (b) the CSs of 13 C d and 1 H e are more sensitive to pH differences than those of 13 C e and 1 H d , (Fig. 5B ), the pK a and n values estimated from the 13 C-CSs were used for the further analyses of the acetylation rates of the UB-Lys-SCs.
The acetylation rates of the UB-Lys-SCs could not be fully explained by the pK a /n values and SASAs
The different pK a /n values of the Lys-SCs appeared to result from their different neighboring residues that participated in ionic, hydrogen-bond (H-bond), or dipole interactions, and also changed the SASA of each Lys-SC (Fig. 1 ). Among these factors, an ionic interaction or a H-bond mediated by an ionizable group such as a carboxyl group could readily affect the apparent pK a values of the Lys-SCs [19] . It was also reported that decreased pK a values of Asp/Glu residues of UB rely on neighboring positively charged residues; the UB K11Q mutant increases the pK a of E34 from 4.5 into 5.3 [16] . In our study, the highest pK a (11.55) and n (1.17) values of K29 are likely due to the presence of many negatively charged neighboring residues (E16, E18 and D21) that can stabilize the protonated K29-SC (Fig. 1) . The next highest pK a values of K11 and K27 (11.25 and 11.10) could be similarly explained by the presence of E34 and E24/D52, respectively. A weak ionic interaction mediated by E64 also may slightly increase the K63 pK a . The lowest pK a (K6, 10.51) can be explained by no negatively charged neighboring residue and by a possible H-bond with the deprotonated N e 2 atom of H68. Interestingly, the K48-SC had the lowest n (0.74), which could be due to the presence of the neighboring Y59 and R54 residues for which pK a values are not far from that of K48 (Fig. 1) . We derived the deprotonated fractions of the UB-Lys-SCs (f-NH 2 ) at pH 7.5 from the measured pK a and n values, and then compared them with the acetylation rates of the Lys-SCs. The rates of the LysSCs roughly correlated with the f-NH 2 values. Additional correction with the SASAs of the N e atoms of the Lys-SCs appreciably improved the correlation between the acetylation rates and the f-NH 2 values, but did not completely eliminate the anomaly (Fig. 6B) . Therefore, the acetylation rates of the LysSCs were not solely dependent on the f-NH 2 , and were likely to be additionally affected by their specific neighboring residues.
The neighboring residues affected the acetylation rates of the UB-Lys-SCs
To investigate detailed effects of the neighboring residues on acetylation rate of each Lys-SC, we mutated the selected neighboring residues of each Lys-SC: (a) T12A and H68A for K6, (b) E34A for K11, (c) N25A for K29, and (d) R54A, Y59F, N60A and N60D for K48. The mutation to the smaller Ala increases the SASA of the corresponding Lys residue, which was supposed to increase the acetylation rate. Next, a limited acetylation reaction using a low concentration of 2AA (3 mM) was performed to decrease the probability of multiple Lys acetylations in single UB molecules (Fig. 7) . Comparisons of the peak positions of the Lys-SC amides between the wild-type and mutants also supported correct assignment of the Lys-SC amide peaks (Fig. 7A) . The theoretical pK a values of the Lys-SCs from the MCCE [20] and H++ [21] programs were used as references to discuss the mutational effects ( Table 2) . The calculated pK a values of the Lys-SCs were relatively well correlated with their experimental values, except The peak volumes of the Lys-SC amides were normalized to that of the G76-BB amide peak (gray circle). The overall acetylation of the Lys-SCs decreased as the reaction progressed due to the decreased amounts of the native Lys-SCs. The volume integrals were adjusted on the assumption that the early part of the reaction followed pseudo-first-order kinetics, which increased the linear correlation between the amount of acetylation of the Lys-SCs and the concentration of 2AA.
for K27 (NMR, 11.10 AE 0.02 vs MCCE, 11.30 AE 0.58; H++, 10.84 AE 1.23). The less accurate calculation of the K27 pK a seemed to result from its lowest SASA, which was also shown in a previous report [22] . It has been reported that the estimation of pK a is difficult for the amino acids buried in the interior of proteins [23, 24] . The following points can be made. a) The K6 acetylation was slightly increased in the UB T12A protein (8%), but apparently decreased in UB H68A (18%; Fig. 7B ). Although the OH group of T12 is able to form a H-bond with the K6-N e , it appeared to slightly decrease the K6 acetylation (Fig. 1) . However, the 18% decrease in K6 acetylation by the H68A mutation could be related to a potential catalytic role of the H68 residue. It has been reported that an imidazole ring itself can be acetylated, and the resulting acetyl-imidazole also has an acetylating activity [7, 8] . Moreover, the H68-N e 2 atom is able to form a H-bond with K6, and the calculated pK a of UB H68A increased slightly (Table 2) . b) In the acetylation of UB E34A , the peak of the K11-SC amide moved and overlapped with those of the K33 and K33 0 (Fig. 7A) , and thus these peaks were treated as a single peak group. The E34A mutation greatly increased K11 acetylation (Fig. 7B) , which likely resulted from the decreased pK a of the K11-SC. Both pK a prediction programs showed that the H a -CSs is < 1.0 and 0.1 p.p.m., respectively, which showed that the native structure of UB was maintained in all pH values used.
E34A mutation could appreciably decrease the K11 pK a due to the elimination of the ionic interaction between E34 and K11 ( Table 2 ). It has previously been reported that the E34 of an acceptor UB plays a catalytic role during Ube2S-mediated K11 ubiquitylation by suppressing the K11 pK a [12] . However, our data and the reciprocal dependence of pK a values between E34 and K11 [16] indicated that the presence of E34 increases the K11 pK a . Therefore, the E34 might have another catalytic role during the K11 ubiquitylation (vide infra).
c) The acetylation of UB N25A was identical to that of the wild-type except for the K29-SC amide, whose peak was too weak to be integrated properly in the case of a limited acetylation using 3 mM 2AA (Fig. 7A,B) . d) All point mutations of the residues that were near the K48-N e specifically decreased the K48 acetylation (R54A, 29%; Y59F, 13%; N60A, 10%; N60D, 32%; Fig. 7B ). A distinguishing feature of the K48-SC is the lowest n (0.74), which can efficiently increase the deprotonated fraction of K48 at neutral pH. The mutations of R54 and Y59 likely made the n of K48 close to 1.0 (Table 3) . The decreased acetylation by the R54A and N60D mutations seemed to mainly result from the increased pK a of K48 ( Table 2 ). The pK a of Arg is 1.5 units greater than that of Lys and the positive charge of R54 could destabilize the protonated K48-SC. It is also interesting that the E51-Y59 loop of UB plays a pivotal role in the enzyme-catalyzed ubiquitylation system (SCF bTrCP /Cdc34, E3/ E2), in which the UB R54A/Y59F fails to function as an acceptor UB for the synthesis of K48-linked UB chains [25] . The distance between the N60-SC and the K48-N e is < 4.0 A in two conformers among 10 NMR ensemble structures (Fig. 1) , and the 10% decrease in K48 acetylation by the N60A mutation indicated that the K48 acetylation was influenced by the N60 residue. + ])), at pH 7.5, in which the lowest n of K48 greatly increases the f-NH 2 . The error ranges of the f-NH 2 were estimated from the errors of the pK a and n values ( Table 1 ). The correction of the f-NH 2 with R SASA , the ratio of the SASAs of the Lys-N e to that of the K6-N e , improved this correlation, but not completely. The values of R SASA were calculated for the crystal structure of UB (1UBQ) using 1.4 and 2.5 A probe radius and are shown as red and blue characters, respectively. The lowest K27 acetylation seemed to result from the smallest SASA of K27-N e atom. Catalytic roles of the neighboring residues of the UB-Lys-SCs were evaluated from the E a values of the nonenzymatic acetylation
The reaction rate alone is not sufficient to characterize the detailed nature of the Lys acetylation reaction, because the rate can be described by two determinants, the pre-exponential factor (A) and E a , of the Arrhenius equation, k = AÁexp[ÀE a /RT]. We determined the E a of the acetylation for all Lys-SCs, except K27, using the Arrhenius plot (Fig. 8A) ) were apparently different from their acetylation rates at 35°C (Fig. 8B, left panel) , and also did not exactly correlate with any of the f-NH 2 values or SASAs of the UB-Lys-SCs (Fig. 8B) . The discrepancy between the rate constant and the E a indicated that the Lys acetylation of a folded protein has rather complicate kinetics and could not be explained by either E a or A alone.
It was unexpected that the E a values of K11 and K29 (23.3 and 21.5 kcalÁmol À1 , respectively) were lower than that of K33 (26.0 kcalÁmol À1 ), because (a) the pK a values of K11 (11.25) and K29 (11.55) are higher than that of K33 (10.86), and (b) the SASA of K29 was smallest, while those of K11 and K33 are similar (Fig. 8B, right  panel) . The low acetylation rates of K11 and K29 contradicted their low E a , and should result from the very low A value, which is also called the frequency of collision. Regarding the E a values of K11, K29 and K33, their key differences were the relative distances to the carboxylate of the neighboring Asp/Glu residues; E34 and D21 are close to the K11-and K29-N e , respectively (distance < 3.2 A), but the distance between D32 and the K33-N e is > 4 A (Fig. 1) . It has been known that the delocalized charge distribution of the carboxylate group has an advantage in polarizing its microenvironment, which can improve the ability to form a H-bond [26] . The carboxylates of E34 and D21 likely decrease the E a during the acetylation of K11 and K29, Fig. 7 . Effect of neighboring residues on the acetylation of each Lys-SC by 2AA molecule. (A) The neighboring residues of each Lys-SC were mutated to Ala, and then a limited acetylation reaction was performed with 3 mM 2AA at 35°C overnight. The peak positions of the Lys-SC amides show that the specific mutations only affected the peak position of the corresponding Lys-SC amide, except for K11 (1, K6; 2, K11; 3, K29; 4, K48). The E34A mutation greatly affected the K11-SC amide peak and resulted in overlap with the K33-and K33 0 -SC amide peaks. (B) By limited acetylation with 3 mM 2AA, the acetylation amounts of each Lys-SCs were assessed for the point mutation of each neighboring residue. The point mutations of the neighboring residues specifically changed the acetylation of the corresponding Lys-SCs (T12A and H68A for K6; N25A for K29; R54A, Y59F, N60A and N60D for K48), except for K11-SC (E34A). The overlapped peaks of K11-, K33-and K33 0 -SC amides resulting from the acetylation of UB E34A were treated as a single peak group. The acetylation amount of this peak group (0.33) is~2.3-fold higher than that of the wild-type UB (0.14), and is higher than the limit of the Y-scale (open circle). The peak of the K29-SC amide was too weak to be analyzed properly for the N25A mutation.
respectively, probably as a catalyst for stabilizing a quaternary ammonium ion (-R 1 -NH 2 + -R 2 -) of a tetrahedral intermediate (Fig. 8D, bottom) . The presence of N25 and additional close neighboring E16 and E18 residues might further decrease the E a of the K29 acetylation. Therefore, the previously reported catalytic role of E34 during the K11 ubiquitylation by Ube2S might be as a direct catalyst, not suppressing the K11 pK a [12] . Unfortunately, the E34A mutation resulted in the peaks of K11, K33 and K33 0 overlapping, and thus we could not measure the E a for the acetylation of UB E34A . Instead, we determined the E a for the acetylation of UB H68A , because its decreasing K6 acetylation was apparent. The correlation plot of E a (UB H68A vs wildtype) confirmed that the E a of the K6 acetylation was specifically increased about 1.5 kcalÁmol À1 by the H68A mutation (Fig. 8C,D, top) . Therefore, detailed characteristics of the nonenzymatic acetylations of the Lys-SCs are clearly dependent on their specific neighboring residues in addition to their f-NH 2 values and SASAs.
Discussion
Although an enzyme-mediated ubiquitylation differs from a pure chemical Lys acetylation, their shared common chemistry, amide-bond formation, suggests that the characterized properties of the UB-Lys-SCs based on the chemical reaction could be another reference for discussing the in vivo ubiquitylation mechanism. A mass spectroscopic analysis of mammalian ubiquitylation revealed the presence of all seven differently populated UB linkages (K48 > K63, K11, K29 > K6 > K33 > K27) [5] . The nonenzymatic acetylation rates of the Lys-SCs and their E a correlate with the in vivo population of UB linkages, except for K6. Table 2 . pK a analyses of the Lys-SCs for the wild-type and mutant UB proteins using the MCCE and the H++ programs. The coordinates of the mutant UB proteins were simply generated using 10 coordinates of NMR ensemble without any additional energy minimization. The pK a of the specific Lys-SC that was targeted by the mutation is shown in bold. The pK a errors of 1UBQ resulted from the program analyses, and those of 1D3Z are the standard deviation of the calculated pK a values for the 10 conformers. Table 3 . The K48 pK a and n values calculated for the wild-type and mutant UB proteins using the H++ program. The coordinates of the mutant UB proteins were generated using the reference coordinate (PDB, 1UBQ). The Hill coefficients were back-calculated using the equation, F K48 (pH) = 1/(1 + 10
), where F K48 (pH), the deprotonated fractions of UB-K48, were derived from the H++ program. The n value of K48 was significantly increased by the Y59F and R54A mutations.
1UBQ
K48 pK a K48 n K48 has the lowest n value (0.74) due to the presence of the neighboring R54 and Y59 residues, which seems to be important for a high activity of K48 by increasing the deprotonated fraction at neutral pH. However, it is intriguing that the highly reactive K6 is not used for major enzyme-catalyzed UB linkages. On the other hand, the presence of the E34-mediated H-bond with K11 may have an in vivo advantage; the E34 residue could reduce nonenzymatic K11 acetylation by increasing the pK a (decreasing the A values of the reaction), but is still able to act as a catalyst during an enzyme-mediated acetylation or the Ube2S-mediated K11 ubiquitylation by decreasing the E a (Fig. 8D, bottom) .
The accuracy and sensitivity of the previous 2 J CH -HMQC (6.4 Hz) NMR experiment that was used for studying the acetylation of the UB-Lys-SC with a labeled aspirin (acetyl-1-13 C) [7, 8] N-labeled protein produces new HSQC peaks in the region, which are well-separated from the BB amide peaks as shown in Fig. 2A , and the reactive acetylating molecule does not need to be isotope-labeled. We also showed that acetyl-CoA is able to acetylate the UB-LysSCs, which produces the same HSQC peaks of the Lys- Fig. 8 . Determination of the activation energy (E a ) for the nonenzymatic acetylation of the UB-Lys-SCs. (A) The nonenzymatic acetylation rates of the Lys-SCs were measured varying the temperature, and then the E a and SEM values were determined from the linear fitting using the Arrhenius equation. The K29-SC amide peak was too weak to be integrated properly, and thus the peak intensities, instead of the peak volumes, were used for the analysis. . (D) Models for the catalytic roles of H68 (top) and E34 (bottom) during the K6 and K11 acetylation, respectively. The presence of E34 increased the K11 pK a , which decreased the K11 acetylation rate probably due to a low A value. However, the proximity of the E34 carboxylate to the K11-N e atom (2.9 A) could decrease the E a by providing catalytic activity.
SC amides as those of 2AA (Fig. 3B) . Therefore, our experimental approach using a 15 N-labeled protein can be used to study general nonenzymatic Lys acylation of various proteins by any of reactive acylation molecules, including acetyl phosphate, acetyl-CoA, malonyl-CoA, etc. It would be interesting for further studies to evaluate detailed effects of neighboring residues on the nonenzymatic acetylation of the UB-Lys-SCs in the presence of in vivo reactive molecules.
The nonenzymatic Lys acetylation of a folded protein is completely different from that of an unstructured protein, and is clearly dependent on the neighboring residues. The determined pK a and n values of the UB-Lys-SCs and their comparison with the acetylation rates and E a showed that nonenzymatic acetylation of UB-Lys-SCs is not only dependent on the f-NH 2 values and SASAs, but also specifically modulated by different neighboring residues, such as His and Asp/Glu. The characterized chemical properties of the UB-Lys-SCs could form the basis for deciphering complicated ubiquitylation mechanisms and for studying various nonenzymatic Lys acetylations and acylations.
Experimental procedures
Protein expression and purification
The UB gene was subcloned into the pET-21a vector using NdeI/XhoI restriction enzymes. All point mutations of UB were generated by Quick-Change site-directed mutagenesis (Agilent Technologies, Santa Clara, CA, USA). The culture was resuspended into buffer (pH 8.5, 25 mM Tris/HCl, 1.0 mM PMSF, 0.5 mgÁmL À1 lysozyme) and disrupted by sonication. The supernatant was applied to a Hitrap-Q FF or HP (GE Healthcare Biosciences, Piscataway, NJ, USA) column to remove the nucleic acids and majority of other E. coli proteins. A buffer (pH 4.0, 50 mM Na-formate) was added to the flow-through, which resulted in a pH of the solution of about 4.5. After removing the additional protein aggregates by centrifugation (25 000 g for 30 min), the supernatant was applied into the Hitrap-SP FF or HP that was pre-equilibrated with A-buffer (pH 4.5, 25 mM Naacetate), and then the UB proteins were eluted by a pH gradient using B-buffer (pH 8.5, 25 mM Tris/HCl). In some cases, an additional gel filtration column chromatography using Superdex 75 (GE Healthcare Biosciences), was performed using a buffer (pH 7.5, 25 mM HEPES, 100 mM NaCl) to eliminate minor impurities. The UB elution was concentrated up to 2.5-3.0 mM, and then dialyzed into distilled water. The purified UB proteins were quickly frozen using liquid nitrogen for storage at À70°C.
NMR experiments, data analysis and structure analysis
All the NMR spectra were recorded with Bruker 800 MHz and 900 MHz NMR instruments equipped with TCI cryo-probes (Bruker Biospin GmbH, Rheinstetten, Germany). NMR data were processed using the NMRPIPE program [27] and then analyzed using the NMRFAM-SPARKY program [28] . Peak picking and accurate peak integration were done with the Bruker TOPSPIN 3.2 program. All PDB structures were visualized and were analyzed using the CHIMERA program [29] . Solvent accessible surface area of each Lys-N e was calculated using the POPS program [30] for the X-ray structure of UB (1UBQ). The pK a values of the UB-Lys-SCs were calculated using the MCCE [20] and H++ [21] programs. The coordinates of UB point mutants were simply generated by deleting the additional atoms of the reference structures (1UBQ and 1D3Z). The hydrogen atoms of the NMR ensemble structure were eliminated before the pK a calculations. All calculations were done using the default parameters of the programs.
Determination of the UB-Lys pK a values The buffers with pH from 7.0 to higher than 12.0 were prepared by using one of HEPES, Tris/HCl, CAPSO, CAPS, L-arginine, and Na-phosphate, or by mixing two different buffers, in which total concentration of the buffer was 100 mM. After the NMR measurements, the samples were recovered from the NMR tubes, and stored at À70°C. The pH values of all the recovered samples were measured accurately at the same time.
The CSs of all seven Lys residues were assigned using 2D version NMR experiments of HNCACB, HBHANH, HCCH-TOCSY, HCCH-COSY, CCH-TOCSY, and TOCSY-HSQC. The 2D version NMR spectra (HCCH-
